Introduction
Severe pediatric brain injuries are frequently followed by seizures in the first week after injury, with the youngest children suffering the highest incidence of seizures (Gilles and Nelson, 1998; Liesemer et al., 2011) . Early seizures after brain injury exacerbate experimental injury in the developing brain (Wirrell et al., 2001) and reduce the prognosis for recovery in clinical studies of brain injury (Chiaretti et al., 2002; Keenan et al., 2007) . One mechanism of acute seizures induced by brain injury may be inversion of signaling by the inhibitory neurotransmitter GABA.
GABA is an endogenous ligand of ionotropic GABA A receptors (GABA A -Rs). GABA A -Rs operate transmembrane anion-permeable channels. Depending on [Cl Ϫ ] i and the resting membrane potential (RMP), Cl Ϫ fluxes through GABA A -R-operated channels can either hyperpolarize or depolarize the membrane potential (Ebihara et al., 1995; Tyzio et al., 2008) . In the adult brain, most neurons maintain low [Cl Ϫ ] i and are inhibited by GABA, both by virtue of membrane hyperpolarization (Ebihara et al., 1995; Tyzio et al., 2008; Glickfeld et al., 2009 ) and shunting (Koch et al., 1983; Staley and Mody, 1992) . In immature cortical slices, [Cl Ϫ ] i is higher (Ben-Ari, 1987; Berglund et al., 2008; Glykys et al., 2009) and GABA A -R activity has pronounced excitatory as well as inhibitory effects on neuronal activity (Khalilov et al., 1999) .
The dual effects of GABA A -R observed in studies of developing brain tissue may be a consequence of the remarkable plasticities of neuronal [Cl Ϫ ] i and the reversal potential for GABA A -R-mediated postsynaptic currents (E GABA ). Neuronal injuries due to oxygenglucose deprivation (Inglefield and Schwartz-Bloom, 1998; Galeffi et al., 2004; Pond et al., 2006) and prolonged seizures (Khalilov et al., 2003; Dzhala et al., 2010) cause long-lasting [Cl Ϫ ] i accumulation and depolarize E GABA . Neuronal injuries including neurite transection, osmotic imbalance, and excess heat also depolarize E GABA (van den Pol et al., 1996) . The depolarizing actions of GABA after trauma are sufficient to activate voltage-gated calcium channels and increase the intracellular Ca 2ϩ level (van den Pol et al., 1996) , indicating that GABA A -R activity excites injured neurons. To test whether the posttraumatic depolarizing actions of GABA facilitate neuronal excitability and spontaneous network-driven activity, we turned to the acute hippocampal slice preparation.
The acute hippocampal slice preparation has provided innumerable insights into synaptic physiology, but the preparation of acute brain slices necessarily involves massive trauma. Acute traumatic injury to neuronal processes during slice preparation is known to induce long-term morphological and synaptic alterations (Kirov et al., 1999; Davies et al., 2007) as well as neuronal damage, hyperexcitability, and death (Bak et al., 1980) . The intact hippocampal preparation in vitro, although viable only to postnatal day 7 (P7)-P8, does not involve slicing and thus preserves morphological and functional neuronal properties . We compared the neuronal damage profile and GABA A -R-mediated signaling in intact and sliced hippocampal networks prepared from the same mice. [Cl Ϫ ] i assayed by twophoton imaging of the chloride-sensitive fluorophore Clomeleon (Kuner and Augustine, 2000) and the effect of concomitant op-eration of the GABA A -R on action potential frequency were correlated with spontaneous neuronal network activity in both hippocampal preparations.
Materials and Methods
Animals. All animal-use protocols conformed to the guidelines of the National Institutes of Health, the Massachusetts General Hospital Center for Comparative Medicine, and the National Institute of Health and Medical Research (INSERM) on the use of laboratory animals.
Intact hippocampus and acute hippocampal slice preparations in vitro. Intact hippocampal formations were prepared from immature P5-P7 male and female CLM-1 mice pups as described previously Dzhala et al., 2008) . Animals were anesthetized and decapitated. The brain was rapidly removed to oxygenated (95% O 2 -5% CO 2 ) ice-cold (2-5°C) artificial CSF (ACSF; solution 1) containing 126 mM NaCl, 3.5 mM KCl, 2 mM CaCl 2 , 1.3 mM MgCl 2 , 25 mM NaHCO 3 , 1.2 mM NaH 2 PO 4 , and 11 mM glucose, pH 7.4. The hemispheres were separated and after removing the cerebellum, the frontal part of the neocortex and surrounding structures, the intact hippocampi were dissected from the septohippocampal complex. The hippocampi were incubated in oxygenated ACSF at room temperature (20 -22°C) for 1-2 h before use. For recordings, the hippocampi were placed into a conventional submerged chamber and continuously superfused with oxygenated ACSF at 32°C and at a flow rate 4 ml/min.
Acute hippocampal slices were prepared from P5-P29 CLM-1 mice and Sprague Dawley rats. The brain was removed from the anesthetized and decapitated animals and placed in oxygenated (95% O 2 -5% CO 2 ) ice-cold (2-5°C) ACSF. Coronal and horizontal brain slices, 400 -550 m thick, were cut in ice-cold oxygenated ACSF (solution 1) using a Leica VT1000S vibrating-blade microtome. In some experiments slices were prepared and preincubated in ACSF containing a high concentration of bumetanide (100 M) to block NKCC1 (Na
Ϫ cotransporter isoform 2) cotransporters (solution 2). Some slices were cut in high-sucrose solution (solution 3) containing 250 mM sucrose, 11 mM glucose, 2 mM KCl, 0.5 mM CaCl 2 , 7.0 mM MgCl 2 , 26 mM NaHCO 3 and 1.2 mM NaH 2 PO 4 , pH 7.4. Sectioning frequency was 80 Hz (Ϯ10%) and sectioning speed, 0.05 mm/s (Ϯ10%). Slices were incubated in oxygenated ACSF at room temperature (20 -22°C) for 1-2 h before use. For electrical recordings and optical imaging, slices were placed into a conventional submerged custom-made thermostatic chamber and superfused with ACSF at 32°C and at a flow rate of 2-3 ml/min.
In vitro electrophysiology. Extracellular field potentials were recorded in the intact hippocampal preparations in vitro using tungsten microelectrodes and low-noise multichannel amplifier (bandpass 0.1 Hz-10 kHz; ϫ1000). Microelectrodes made from coated tungsten wire of 20 m diameter (California Fine Wire Company) were used for simultaneous recordings of population field activity and multiple-unit activity (MUA; 500 Hz high-pass filter). Root mean square noise level with an electrode placed in the perfusion solution was typically 3-4 V, while the amplitude of action potentials recorded from the pyramidal cell layer ranged from this noise level up to 60 -80 V. silicone probes (16-channel, 50 m separation distance between the electrodes; NeuroNexus Technologies) were used for extracellular recordings of MUA at different depths through the slice (see Fig. 5 ).
The signals were digitized using an analog-to-digital converter (DigiData 1322A; Molecular Devices). Sampling interval per signal was 100 s (10 kHz). pCLAMP 9.2 (Molecular Devices), Mini Analysis 5.6 (Synaptosoft) and Origin 7.5 SR6 (Microcal Software) programs were used for the acquisition and data analysis.
Clomeleon imaging and [Cl
Clomeleon is a fusion protein comprising the Cl Ϫ -sensitive yellow fluorescent protein (YFP) and the Cl Ϫ -insensitive cyan fluorescent protein (CFP). Transgenic CLM1 mice expressing Clomeleon were received from Duke University Medical Center (Durham, NC) and housed at Massachusetts General Hospital Center for Comparative Medicine (Charlestown, MA). Intact hippocampi were prepared from immature (P5-P7) mice as described previously (Dzhala et al., 2008) . The hippocampi were incubated in oxygenated ACSF at room temperature (20 -22°C) for at least 1 h before use. For optical imaging and simultaneous extracellular field potential recordings, the hippocampus was placed into a conventional submerged chamber on a precision x-y stage mounted on the microscope and continuously superfused with oxygenated ACSF at 32°C and at a flow rate 4 ml/min. Two-photon Clomeleon imaging was performed on an Olympus Fluoview 1000MPE with pre-chirp excitation optics and a fast acousto-optical modulator mounted on an Olympus BX61WI upright microscope using an Olympus 25ϫ water-immersed objective (XLPLN 25xW; numerical aperture (NA), 1.05). A mode-locked titanium/sapphire laser (MaiTai; Spectra-Physics) generated two-photon fluorescence with 860 nm excitation. Emitted light passed through a dichroic mirror (460 nm cutoff) and was bandpass filtered through one of two emission filters, 480 Ϯ 15 nm (D480/30) for CFP and 535 Ϯ 20 nm (D535/40) for YFP (FV10MP-MC/Y). Detectors containing two photomultiplier tubes were used. Image size (X-Y dimension) was 512 ϫ 512 pixel or unit converted 254.46 ϫ 254.46 m. Clomeleon-expressing neurons were sampled 0 -200 m below the surface of the intact hippocampus (Z dimension: 0 -200 m; step size: 1-2 m).
Quantitative measurements on 3D stacks were performed using ImageJ 1.45 software (National Institutes of Health). The CFP and YFP images were opened and their respective background value was subtracted for the 3D volume. Median filtering was applied to all of the 3D planes. Cells were visually identified and a ROI was drawn around the cell bodies. The ratio of the YFP/CFP fluorescence intensity was measured for each identified cell. The [Cl Ϫ ] i was calculated from the following equation:
where R is the measured YFP/CFP ratio, KЈ D is the apparent dissociation constant of Clomeleon, R max is the ratio when Clomeleon is not bound by Cl Ϫ and R min when it is completely quenched by F Ϫ (Kuner and Augustine, 2000; Berglund et al., 2008 
R max and KЈ D were free parameters, while R min was determined by quenching Clomeleon with 123 mM F Ϫ (Kuner and Augustine, 2000; Duebel et al., 2006 Statistics. The Shapiro-Wilk test was used to determine normality of the data. The parametric Student's t test (paired and unpaired, two-tail) was used to compare normally distributed groups of data. The MannWhitney test (unpaired data, two-tail) and Wilcoxon Signed Rank test (paired data) were used for non-normally distributed data. One-way repeated-measures ANOVA (one-way ANOVA) was used to compare normally distributed data with similar variances. The level of significance was set at p Ͻ 0.05. Group measures are expressed as mean Ϯ SEM; error bars also indicate SEM.
Drugs. Reagents were purchased from Sigma-Aldrich Inc. and Tocris Bioscience Cookson Inc., prepared as stock solutions, and stored before use as aliquots in tightly sealed vials at the manufacturers' recommended temperatures and conditions. VU0240551 (N-(4-methylthiazol-2-yl)-2-(6-phenylpyridazin-3-ylthio)-acetamide) was a gift from Dr. Eric Delpire (Vanderbilt University, Nashville, TN).
Results

Morphological features of neuronal injury in acute hippocampal slices from immature CLM-1 mice
The intact hippocampus and acute hippocampal slices (Figs. 1, 2) were prepared from the left and right hemispheres of immature (P5-P7) CLM-1 mice expressing Clomeleon (N ϭ 12) (Kuner and Augustine, 2000) . High-resolution two-photon fluorescence confocal scanning imaging of neurons expressing Clomeleon was performed 0 -200 m (z-dimension, 0 -200 m; step size, 1-2 m) below the surface, including the superficial outer layer (0 -20 m), the intermediate layer (20 -60 m) and the deep inner layer (60 -200 m) (Figs. 1, 2 ). In the intact hippocampus, commissural fibers in the alveus were remarkably preserved in the outer layer (Fig. 1 B) . Numerous interneurons and pyramidal cells expressing Clomeleon were clearly visible in the stratum oriens and stratum pyramidale. Virtually all interneurons in stratum oriens extended dendrites in the longitudinal and transverse plane and/or to the deep pyramidal cell layer (Fig. 1C) . Pyramidal cells projected apical dendrites to stratum radiatum and, in keeping with results of a previous study , did not show anatomical signs of traumatic injury.
In contrast to the intact hippocampal preparations, numerous neurons with morphological features of cell injury were observed in the superficial stratum oriens and pyramidal cell layers in the acute hippocampal slice preparations (Fig. 2 A, B) . Morphological evidence of cell damage included swollen cell bodies with absent or poorly visualized dendrites and dark (pyknotic) cells (Bak et al., 1980) . Dendritic swelling (dystrophy) and beadings (varicosities) (Hasbani et al., 1998) were widespread in the superficial layer of the acute hippocampal slices. However, in the deep (60 -200 m) planes in the acute slices, the cell bodies of pyramidal cells in the CA3 and CA1 regions were densely packed, morphologically preserved and healthy ( Fig. 2A) . The apical dendrites of these deeper neurons could be clearly visualized to extend throughout the stratum radiatum. Several interneurons with extended dendrites were apparent at this depth in the stratum oriens and stratum radiatum (Fig. 2C) . However, in one hippocampal slice most of CA3 and CA1 pyramidal cells from the deep layer projected apical dendrites along the z-axis, i.e., directly toward the surface, and virtually all these neurons were damaged and swollen (data not shown). Our data confirmed a widespread superficial shear injury accompanying slice preparation and well preserved neurons in the inner layers of slices (Bak et al., 1980) .
Correlation between cell volume and a biomarker of apoptosis
Swelling in both the soma and dendrites are considered to be a hallmark of acute neuronal injury (Inoue and Okada, 2007) . High-resolution two-photon fluorescence confocal scanning imaging and 3D reconstruction of pyramidal cells and interneurons expressing Clomeleon were used to compare cell volumes and the degree of neuronal injury in both immature hippocampal preparations ( Fig. 3A-I ). In the intact hippocampal preparation, the distribution of somatic volume as a function of depth was independent of the depth and was fitted with a linear regression function (see Materials and Methods) with parameters A ϭ 1625 Ϯ 179, B ϭ 1.72 Ϯ 1.82; r ϭ 0.33 Ϯ 1, p ϭ 0.38 (n ϭ 137 cells in 4 hippocampi at P6 -P7; Fig. 3I ). In contrast to the intact hippocampus, in acute hippocampal slices somatic volume decreased as a function depth (Fig. 3C) . The mean somatic volume as a function of depth was fitted with an exponential decay function with parameters y 0 ϭ 1015.6 Ϯ 628.6, A1 ϭ 2242.7 Ϯ 425.5, L1 ϭ 92.8 Ϯ 69.2; R 2 ϭ 0.86 (n ϭ 165 cells in 4 slices at P6 -P7; Fig. 3I ). These characteristic cell volume changes as a function of distance from the slicing plane suggested a nonlinear distribution of neuronal damage that was greatest in the superficial layers and least in the deepest layers in acute hippocampal slices.
Cell volume regulation is an essential function in living cells and persistent shrinkage or swelling is associated with cell injury and death (Gilles and Nelson, 1998; Inoue and Okada, 2007; Hoffmann et al., 2009) . Membrane-permeable fluorochrome-labeled inhibitors of caspase activity (FLICA) were used to selectively label cells undergoing apoptosis (Lee et al., 2008; Darzynkiewicz et al., 2011) . Clomeleon imaging combined with the FLICA staining and imaging was used to quantify apoptosis in both hippocampal preparations in vitro ( Fig. 3D-F ). In the intact hippocampus, well preserved pyramidal cells and interneurons, identified with two-photon imaging of Clomeleon, were not labeled by the FLICA probe (N ϭ 4 hippocampi at P6 -P7; Fig. 3D ,F). In contrast to the intact hippocampi, the FLICA probe was detected in many living neurons undergoing apoptosis in the acute hippocampal slices (Fig. 3E,F) . Two-photon fluorescence confocal scanning imaging revealed that 72 Ϯ 21% of neurons expressing Clomeleon in the 0 -40 m closest to the sliced surface were stained with FLICA (N ϭ 4 slices at P6 -P7). The fraction of neurons sensitive to the FLICA probe progressively decreased from the outer to inner layers as a function of depth as suggested by an exponential fit to these data, with parameters y 0 ϭ 5.98 Ϯ 16.8, A1 ϭ 129.7 Ϯ 87.5, L1 ϭ 29.4 Ϯ 27.4; R 2 ϭ 0.99 (Fig. 3F ). Cell volume analysis revealed that most of the FLICA-positive cells in the acute hippocampal slices were characterized by significantly larger cell body volume (Fig. 3H ). Cell swelling persisted throughout the 1-2 h imaging period and cell rupture was observed in several swollen cells during time-lapsed imaging (data not shown).
Correlation between neuronal damage and neuronal chloride accumulation
Acute traumatic insult caused by the cutting during slice preparation resulted in a persistent gradient of cell swelling and damage (Figs. 2, 3) , with neurons closest to the slice plane demonstrating the most severe injury. Changes in neuronal shape and volume may represent trauma-induced disturbances of cell volume regulation mediated by the entry of water, as well as solute. Cl Ϫ entry has been shown to be a key mediator of acute excitotoxic injury marked by somatic swelling and dendritic varicosities (Rothman, 1985; Hasbani et al., 1998; Inoue and Okada, 2007) . However the relationship between morphological metrics of neuronal injury and [Cl Ϫ ] i has not yet been determined. The ratio of FRET-dependent emission of the YFP and CFP moieties of Clomeleon was used to measure the intracellular chloride concentration in 3D-reconstructed pyramidal cells and interneurons as a function of depth in the intact hippocampus and acute hippocampal slice preparations from CLM-1 mice ( Fig. 3A-C ). This approach was used to correlate the cell volume as a function of intracellular chloride concentration in both hippocampal preparations (Fig. 3G,I ).
In intact hippocampal preparations in vitro from immature P5-P7 CLM-1 mice, under control conditions the resting [Cl Ϫ ] i in individual neurons varied from 1 to 40 mM (Figs. 3 A, C, Figs. 4 A, C) and was correlated with cell volume (Fig. 3G) . Gaussian multipeak fit yielded multiple peaks of steady-state [Cl Ϫ ] i at 10 and 20 -30 mM, suggesting heterogeneous populations of neurons (Fig. 4C) , some with an equilibrium potential for chloride (E Cl ) below the RMP, and others whose E Cl would be positive to RMP (Tyzio et al., 2003) . The superficial layer (0 -50 m) was (Fig. 4 D) .
In acute hippocampal slice preparations in vitro of P5-P7 CLM-1 mice, the distribution of resting [Cl Ϫ ] i was wide and varied from 1 to 120 mM (Figs. 3 B, C, 4B, C) . In contrast to the intact preparations, the superficial layers of hippocampal slices were characterized by higher [Cl Ϫ ] i and larger cell volume (Fig.  3I ) . In many superficial neurons [Cl Ϫ ] i approached extracellular chloride concentration, consistent with the common observation that superficial cells are damaged during brain slicing (Berglund et al., 2008) . In several injured cells the fluorescence emission ratio of YFP to CFP was lower than the minima observed during calibration with high-chloride solutions, suggesting selective oxidation (Tsourkas et al., 2005) or other degradation of YFP in severely injured neurons. In contrast, morphologically preserved neurons in the deep layers were invariably characterized by significantly lower [Cl Ϫ ] i approaching the minimal observed intracellular chloride concentration. Gaussian multipeak fitting yielded sharp peaks at 20 and 40 mM, indicating a large population of neurons whose E GABA should be positive to RMP. Mean [Cl Ϫ ] i in the injured superficial 0 -50 m layers in acute hippocampal slices was 50.8 Ϯ 1.9 mM (n ϭ 233 cells imaged at this depth out of a total of 911 cells imaged at all depths in 8 slices) and significantly decreased to 22.1 Ϯ 1.5 mM (n ϭ 130 cells at this depth out of 911 cells in 8 slices; p Ͻ 0.001, Mann-Whitney test) in the morphologically preserved deepest 150 -200 m layer (Fig.  4C) . The distribution of [Cl Ϫ ] i as a function of depth was fitted with the exponential function with parameters y 0 ϭ 1.08 Ϯ 9.5, A1 ϭ 54.6 Ϯ 8.9, L1 ϭ 155.9 Ϯ 45; R 2 ϭ 0.99 (Fig. 4 D) .
] i in the superficial layers of acute hippocampal slices correlated with morphological evidence of neuronal damage and markers of activated apoptosis cascades (Fig. 3) . However, many superficial neurons with no morphological evidence of cell death nevertheless had substantially higher [Cl Ϫ ] i than observed in the intact preparation, or in the deepest layers of the slice preparation (Figs. 3, 4) . This raised the possibility that trauma-induced [Cl Ϫ ] i accumulation may cause a positive shift in GABA A -mediated postsynaptic potential (E GABA )in large populations of damaged neurons that remain synaptically active, which could alter network operation and contribute to seizure activity (Cohen et al., 2002; Dzhala and Staley, 2003; Dzhala et al., 2005 Dzhala et al., , 2010 Mazarati et al., 2009; Wahab et al., 2011) . The wide range of neuronal Cl Ϫ in presumably nontraumatized neurons in the intact hippocampal preparation also implies that both hyperpolarizing as well as depolarizing GABA A -Rmediated signaling occurs in distinct subpopulations of developing neurons, via inwardly and outwardly directed Cl . E-G, Extracellular field potential recordings from the CA3 pyramidal cell layer in both hippocampal preparations reveal multiple-unit activity and synchronous network driven bursts of population activity (marked by asterisk). G, The mean interburst intervals (IBI) in the intact hippocampi and hippocampal slices prepared from P5-P7 mice (mean Ϯ SEM; *p ϭ 0.016, N ϭ 9). H, I, Opposite effects of GABA A -R agonist isoguvacine (10 M) on population bursts (marked by vertical bars) and MUA frequency in the intact hippocampus (H ) and acute hippocampal slice (I ). Horizontal bars represent the time of solution switch. J, K, Isoguvacine to control ratio (ISO/Control) of population burst frequency and MUA frequency in the intact hippocampus and acute hippocampal slice preparations at P5-P7 (N ϭ 9 mice).
Facilitation of neuronal network activity in acute hippocampal slice preparations from immature mice Extracellular field potential recordings of MUA and networkdriven population neuronal activity were performed in the CA3 pyramidal cell layer (80 -100 m below the surface) in intact hippocampi and acute hippocampal slices from P5-P7 CLM-1 mice. Spontaneous neuronal activity was characterized by highfrequency MUA and network-driven population bursts known as giant depolarizing potentials (GDPs) (Ben-Ari et al., 1989) (Fig.  4 E, F ) . Mean interburst intervals (IBIs) in the intact hippocampi and acute hippocampal slices prepared from the same brains at P5-P7 were 105.9 Ϯ 26 s and 33.9 Ϯ 5.7 s respectively (mean Ϯ SEM, N ϭ 9 mice; p ϭ 0.016, unpaired t test; Fig. 4G ), indicating a significantly higher probability of neuronal network-driven activity in the acute hippocampal slice preparations of the immature mice. GDP generation and propagation in the immature hippocampus involves activation of multiple polysynaptic pathways Sipilä et al., 2005) and depolarizing values of E GABA may facilitate GDP generation.
GABA A -receptor-mediated signaling in hippocampal preparations in vitro
The action of GABA depends on the relation between RMP and E GABA , which is mainly determined by [Cl Ϫ ] i . The net effect of GABA A -R activation on the frequency of spontaneous action potentials provides a noninvasive measurement of the net effect of synaptic GABA A -R-mediated signaling in neuronal networks (Cohen and Miles, 2000; Dzhala and Staley, 2003; Tyzio et al., 2007; Dzhala et al., 2008) . Extracellular field potential recordings of MUA and network-driven population neuronal activity were performed in the CA3 pyramidal cell layer (80 -100 m below the surface). In the intact hippocampus and acute hippocampal slice preparations from immature P5-P7 CLM-1 mice, spontaneous neuronal activity was characterized by MUA and network-driven population bursts known as GDPs. Bath application of the selective agonist of GABA A -R isoguvacine (10 M for 1 min) abolished spontaneous population bursts in the intact hippocampal preparations (N ϭ 9 hippocampi; Fig. 4 H, J ) , indicating that the net effect of activation of GABA A -R by exogenous agonist on immature network activity was inhibitory. In contrast, in acute hippocampal slice preparations from the same immature mice, isoguvacine transiently increased population burst frequency by 1207 Ϯ 156% (N ϭ 9 slices; P ϭ 0.001; Fig. 4 I, J ) , indicating that the net effect of GABA A -R activation by exogenous agonist was excitatory. Isoguvacine also had an opposite action on the frequency of spontaneous MUA in both immature preparations (Fig. 4 H, I ,K ). In line with previous data (Dzhala et al., 2010) , in the intact hippocampi, bath application of isoguvacine reduced MUA frequency by 92 Ϯ 4% (N ϭ 6 hippocampi; p ϭ 0.001; Fig.  4 K) . In contrast, in the acute hippocampal slice preparations, isoguvacine transiently increased MUA frequency by 807 Ϯ 219% (N ϭ 8; p ϭ 0.008; Fig. 4 K) . Thus, in the immature hippocampal slice preparations post-traumatic accumulation of [Cl Ϫ ] i and positive shift in E GABA correlates with increasing frequency of spontaneous network driven population bursts and inverted effects of GABA A receptor activation from inhibition to excitation.
Depth-and age-dependent profile of neuronal damage and spontaneous neuronal activity
Two-photon fluorescence imaging in the acute hippocampal slices from juvenile (P10 -P14) and adult (P24 -P28) CLM-1 mice demonstrated similar morphological features of cell injury (Fig. 5 A, B) . Thin slices (400 -500 m) of hippocampus were prepared transversely to its longitudinal septo-temporal axis. In the superficial pyramidal cell layer (0 -30 m at P10 -P12 and 0 -40 m at P27-P29) of acute hippocampal slices, evidence of neuronal damage included swollen cell bodies with absent or poorly visualized dendrites, as well as dendritic dystrophy and varicosity in the stratum radiatum and stratum oriens (Hasbani et al., 1998) . In the intermediate layer (30 -60 m at P11-P12 and 40 -80 m at P27-P29) the fraction of swollen neurons and the density of dendritic dystrophy and varicosities gradually decreased (Fig. 5 A, B) . Many cells in this layer exhibited preserved basal and apical dendrites, although at this depth there was still abundant evidence of dendritic beading associated with shear injury of longitudinal pathways, perpendicular to the plane of slices. In the deeper planes (60 -200 m at P11-P12 and 80 -200 m at P27-P29) of acute slices, the cell bodies of pyramidal cells were densely packed and morphologically preserved. The arborized apical dendrites of these deeper neurons were clearly visualized to extend throughout the stratum radiatum.
We addressed the functional status of neurons in slice preparations from juvenile and adult mice by recording MUA at different depths from one to 3 h after slice preparation. In this experiment, we used 16-channel silicone probes (50 m separation distance between the electrodes) inserted at 75°into the CA3 pyramidal cell layer of transverse hippocampal slices prepared from P6 -P29 rats (Fig. 5C-G) . Spontaneous MUA was apparent at all electrodes within the slice except the superficial electrodes. The size of MUA-"silent" zones at the slice surface was calculated as (T Ϫ ((N Ϫ 1) ϫ sin(␣) ϫ 50 m))/2, where T is an anatomical slice thickness (550 m), N is the number of electrodes displaying MUA, ␣ is an angle of electrode against the slice surface, and 50 m is the separation distance between the electrodes. The size of the MUA-silent zones was 30 -60 m during the two first postnatal weeks (mean Ϯ SEM, 42 Ϯ 2 m; N ϭ 34 slices), and it progressively increased with age to 70 -90 m by the end of the fourth week (mean Ϯ SEM, 81 Ϯ 6 m; N ϭ 9 slices) (Fig. 5 F, G) . MUAsilent zones were remarkably similar in size in slices at a given age, and the age-dependent depth profiles of MUA silence were similar to the superficial zones of severe neuronal injury and increased [Cl Ϫ i ] observed using two-photon imaging.
Depth-and age-dependent profiles of neuronal chloride concentration
In acute hippocampal slices prepared from juvenile P8 -P14 and adult P21-P28 mice, the distribution of resting [Cl Ϫ ] i in the damaged superficial layer (0 -40 m at P8 -P14 and 0 -80 m at P21-P28) was wide and varied from 40 to 120 mM (Fig. 6 A-C) . In contrast, the distribution of resting [Cl Ϫ ] i in the morphologically preserved population of neurons in the inner layer (150 -200 m) was narrow and varied from 1 to 20 mM. Gaussian fits to the [Cl Ϫ i ] data from the inner layers yielded narrow peaks at 5-10 mM (data not shown), suggesting a large population of neurons with E Cl below the expected RMP (Ebihara et al., 1995) . At P8 -P14, the mean values of resting [Cl Ϫ ] i in the injured 0 -50 m superficial layers was 51.4 Ϯ 1.7 mM (n ϭ 271 imaged at this depth out of a total of 1021 cells imaged at all depths in 6 slices) and decreased in the inner 150 -200 m layer to 14.2 Ϯ 6.7 mM (n ϭ 103 cells imaged at this depth out of a total of 1021 imaged cells in 6 slices; p Ͻ 0.001, Mann-Whitney test). At P21-P28, the mean values of resting [Cl Ϫ ] i in the injured 0 -50 m superficial layers was 54.8 Ϯ 1.8 mM (n ϭ 334 cells imaged at this depth out of 1692 imaged cells in 6 slices) and decreased to 4.1 Ϯ 0.6 mM (n ϭ 306 cells imaged at this depth out of a total of 1692 imaged cells in 6 slices; p Ͻ 0.001, Mann-Whitney test) respectively. At P8 -P14, the mean [Cl Ϫ ] i as a function of depth was fitted with the exponential function with parameters y 0 ϭ 10.5 Ϯ 0.6, A1 ϭ 81.9 Ϯ 4.5, L1 ϭ 36.2 Ϯ 2.2; R 2 ϭ 0.994. At P21-P28, the [Cl Ϫ i ] data were best fitted with a sigmoidal (Boltzmann) function y ϭ A2 ϩ (A1 Ϫ A2)/(1 ϩ exp((x Ϫ x 0 )/dx)), where A1 ϭ 57 Ϯ 1.96, A2 ϭ 3.7 Ϯ 0.57, x 0 ϭ 91.7 Ϯ 2, dx ϭ 14.85 Ϯ 1.45; R 2 ϭ 0.9933 (Fig. 6 D) . The narrow distribution and low values of resting [Cl Ϫ ] i in the deepest layer implies that GABA A -R-mediated signaling is inhibitory in most neurons in the deepest and bestpreserved layers of the hippocampal slices, via hyperpolarizing or shunting Cl Ϫ conductances.
Depth profile of GABA A -receptor-mediated signaling
The increased [Cl Ϫ ] i in the most superficial neurons of acute hippocampal slices suggests corresponding depth-dependent changes in GABA A -R-mediated signaling. We therefore addressed the impact of elevated [Cl Ϫ ] i in the superficial vs intermediate depths of the hippocampal slices. The effects of GABA A -R activation on spontaneous population burst and MUA frequency at different depth were examined using a 16-channel silicone probe in the CA3 pyramidal cell layer (Fig. 5C ). Bathapplication of the selective GABA A -R agonist isoguvacine (10 M for 1 min) synchronously increased GDP and MUA frequency at all recording sites throughout the slice depths at P7-P14 (N ϭ 16 slices; data not shown). In keeping with previous studies, the net effect of isoguvacine on spontaneous neuronal network-driven activity switched from excitation to inhibition by the end of the second postnatal week (Khazipov et al., 2004; Tyzio et al., 2008) . We further examined depth-profile of the GABA A -R-mediated effects of isoguvacine in the presence of AMPA, NMDA and GABA B -R antagonists CNQX (10 M), D-APV (40 M) and CGP55812 (2 M) to suppress networkdriven activity (Fig. 6 E) . Under these conditions, the effects of isoguvacine on MUA frequency were both age-and depthdependent (Fig. 6 F, G) . In hippocampal slices from P7-P14 mice (N ϭ 9), isoguvacine increased MUA frequency in superficial layers indicating excitatory GABA A -R-mediated signaling, but decreased MUA frequency in the inner layers indicating inhibitory GABA A -R-mediated signaling (Fig. 6 E-G) . In acute hippocampal slices at P21-P28 (N ϭ 8), isoguvacine invariably decreased MUA frequency at all depths displaying MUA. Isoguvacine did not elicit MUA in the MUA-silent superficial zones of hippocampal slices at any age. Thus, the effect of the GABA A -R activation by exogenous agonist shows a significant progression from the surface to the core of slices from younger animals, consistent with the progressive change in [Cl Ϫ ] i with depth and degree of neuronal injury in acute hippocampal slices during the second postnatal week (Fig. 6 D) . Pol et al., 1996; Hasbani et al., 1998) , volume-sensitive Cl Ϫ channels (Inoue and Okada, 2007) , as well as the electro-neutral NKCC1 and KCC2 (Pond et al., 2006; Dzhala et al., 2010) which also subserve chloride homeostasis under control conditions (Delpire, 2000; Payne et al., 2003; Gamba, 2005; Blaesse et al., 2009) . Trauma induces a significant transient upregulation of NKCC1 protein (Hasbargen et al., 2010 ) and a concurrent downregulation of KCC2 protein (Nabekura et al., 2002; Bonislawski et al., 2007; Papp et al., 2008) . Inhibition of NKCC1 with bumetanide (Isenring et al., 1998; Hannaert et al., 2002) reduces the rate of neuronal chloride accumulation during recurrent seizures in the immature rats and mice (Dzhala et al., 2005 (Dzhala et al., , 2010 , blocks seizures in the epileptic mirror focus seizures (Khalilov et al., 2003; Nardou et al., 2009 Nardou et al., , 2011 , and reduces seizure activity in ] i as a function of depth at P8 -P14 (n ϭ 6) and P21-P28 (n ϭ 6 slices). Solid lines represent an exponential function fit to P8 -P14 (green) and sigmoidal (Boltzmann) fit to P21-P28 (blue). E-G, Depth and age profiles of the GABA A -R-mediated signaling in the acute hippocampal slices. E, Extracellular field potential recordings from CA3 pyramidal cell layer in the hippocampal slice at P11 using silicone probe at the top and bottom surfaces) and in the middle of slice. Recordings were performed in the presence of CNQX (10 M), D-APV (40 M) and CGP55845 (2 M). Brief application of isoguvacine increased MUA frequency at the surface and inhibits MUA in the middle of slice. F, G, Summary plot of the depth dependence in the effect of isoguvacine on MUA frequency in two age groups. Shaded area in F corresponds to the MUA-silent zones. Abscissa shows MUA frequency at the peak of isoguvacine effect normalized to the baseline MUA frequency in logarithmic scale (1 signifies no effect). Note that isoguvacine causes excitation at the surfaces and inhibition in the core of slices at P7-P14 (n ϭ 9) and inhibition at P21-P28 (n ϭ 8).
vivo (Brandt et al., 2010) . We therefore determined the contribution of NKCC1 and KCC2 transport to trauma-induced chloride accumulation in the acute hippocampal slices.
The effects of the NKCC1 antagonist bumetanide and KCC2 cotransporter antagonist VU0240551 (Delpire et al., 2009 ) on the [Cl Ϫ ] i distribution were assessed in acute hippocampal slice preparations from immature P6 -P7 CLM-1 mice (Fig. 7A-E Fig. 7E ). Thus, the NKCC1 cotransporter contributes relatively more than KCC2 cotransporter to the steadystate [Cl Ϫ ] i and post-traumatic increases in [Cl Ϫ ] i in the acute hippocampal slices at P6 -P7, as expected for levels of expression of transporters at this age (Dzhala et al., 2005) .
The role of NKCC1 cotransporter in post-traumatic facilitation of neuronal network activity
The cation-chloride cotransporter NKCC1 promotes networkdriven GDPs and sharp waves in the immature rat hippocampus and neocortex (Dzhala et al., 2005; Sipilä et al., 2006 Sipilä et al., , 2009 Rheims et al., 2008; Nardou et al., 2009 ). Bumetanide, a selective inhibitor of neuronal Cl Ϫ uptake mediated by the NKCC1, reversibly blocks or reduces GDPs and sharp waves in immature hippocampal and neocortical preparations in vitro and in vivo (Dzhala et al., 2005; Sipilä et al., 2006 Sipilä et al., , 2009 Rheims et al., 2008; Nardou et al., 2009; Valeeva et al., 2010) . In acute hippocampal slice preparations in vitro from immature rats, synchronous activity (GDPs and sharp waves) is replaced by asynchronous multiple-unit activity which gradually diminishes in the continued presence of bumetanide (Dzhala et al., 2005; Sipilä et al., 2006 Sipilä et al., , 2009 Rheims et al., 2008; Nardou et al., 2009; Valeeva et al., 2010) . However, it is not known whether bumetanide exerts these inhibitory effects by reducing [Cl Ϫ ] i and the consequent excitatory action of GABA in traumatized neurons with accumulated chloride (Figs. 3, 4, 7) .
We compared the net effect of activation of GABA A -R by exogenous agonist on multiple-unit activity in the presence of bumetanide in acute hippocampal slices and intact hippocampal preparations in vitro (Fig. 8) . Extracellular field potential recordings of population and multiple-unit activity were performed in the CA3 and CA1 pyramidal cell layer (80 -100 m below the surface) in acute hippocampal slice preparations from immature P5-P6 mice (Fig. 8) . In line with the previously published data, bath application of bumetanide (10 M) abolished spontaneous network-driven synchronous GDP activity, which was replaced by asynchronous multiple-unit activity (N ϭ 6 slices; Fig. 8 A) (Dzhala et al., 2005; Sipilä et al., 2006 Sipilä et al., , 2009 Rheims et al., 2008; Nardou et al., 2009; Valeeva et al., 2010) . Next, we determined the net effect of activation of GABA A -R by exogenous agonist on multiple-unit activity in the presence of bumetanide. In contrast to the monophasic increase in MUA activity in the absence of bumetanide (Fig. 4 I) , bath application of isoguvacine (10 M for 1 min) in the presence of bumetanide induced a biphasic response, initially increasing MUA frequency from a baseline of 16.7 Ϯ 8 Hz to 68 Ϯ 18 Hz (mean Ϯ SEM; N ϭ 6 slices; p ϭ 0.0008; two-sample paired t test; Fig. 8C ) indicating that the initial effect of activation of GABA A -R on neuronal firing activity remained excitatory. Subsequently, isoguvacine reduced MUA frequency to 3.9 Ϯ 2 Hz compared with the baseline of 16.7 Ϯ 8 Hz ( p ϭ 0.01; Fig. 8C ) indicating a late inhibitory action of GABA in the presence of bumetanide.
In the intact hippocampal preparations in vitro from immature P4 -P6 mice, extracellular field potential activity was characterized by multiple-unit activity (N ϭ 7 hippocampi) and low-frequency network-driven GDPs (in N ϭ 2 of seven hippocampi). Similar to acute hippocampal slices (Fig. 8A) , bath application of bumetanide (10 M for 10 min) abolished GDPs and this was replaced by asynchronous multiple-unit activity (Fig. 8B) . In contrast to acute hippocampal slices, in the intact hippocampal preparations in vitro bath application of isoguvacine (10 M for 1 min) in the presence of bumetanide, induced a monophasic reduction of MUA frequency from 14.7 Ϯ 1.9 Hz to 1.2 Ϯ 0.7 Hz (mean Ϯ SEM; N ϭ 7 hippocampi; p ϭ 0.0002; two-sample paired t test; Fig. 8 D) indicating that the net effect of activation of GABA A -R on neuronal firing activity was inhibitory, as it was in the absence of bumetanide (Fig. 4 H) . Thus, NKCC1 activity strongly contributed to the intracellular chloride accumulation and facilitation of network activity associated with the widespread neural shear injury induced during preparation of acute brain slices. Bumetanide reduced the rate of post-traumatic accumulation of [Cl Ϫ ] i and the net effect of excitatory GABA responses on neuronal network activity (Figs. 7, 8) . However, as might be predicted from the effect on [Cl Ϫ ] i (Fig. 7 B, E) , the bumetanide-induced negative shift if E GABA was not sufficient to prevent all excitatory GABA A -receptor-mediated signaling in traumatized neurons, and some other acute mechanisms contribute to the positive shift in E GABA and isoguvacine-induced increases in MUA frequency (Figs. 7E, 8C ).
Effects of neuroprotective strategies during hippocampal slice preparation
We addressed the impact of brain slicing on the neuronal damage profile and neuronal [Cl Ϫ ] i throughout the hippocampal slice preparation in regular ACSF (solution 1) vs preparation in a solution containing 100 M bumetanide (solution 2) to block NKCC1 and KCC2 activity or vs a putatively neuroprotective solution in which sucrose replaced sodium, calcium was reduced and magnesium increased (solution 3, see Materials and Methods) (Fig. 9) . In three groups of hippocampal slices prepared from P5-P7 CLM-1 mice, the cell volume and [Cl Ϫ ] i progressively decreased as a function of depth (Fig. 9C,D) . The most injured superficial layers (0 -50 m) of hippocampal slices from all three groups were characterized by significantly larger cell volume and higher [Cl Ϫ ] i , suggesting a similar distribution of neuronal damage in hippocampal slices prepared under different experimental conditions. In the intermediate layers (50 -150 m) , the mean cell volume was not significantly different between all three group of slices (Fig. 9C) , however the mean [Cl Ϫ ] i in acute hippocampal slices prepared in ACSF (27.9 Ϯ 1.1 mM, n ϭ 229 cells imaged at this depth out of 423 cells imaged at all depths in 6 slices) was significantly higher than in slices prepared in the presence of bumetanide (23.4 Ϯ 0.6 mM, n ϭ 179 of 266 cells in 4 slices; p ϭ 0.01, Mann-Whitney test; Fig. 9D ) or in a high-sucrose solution (15.5 Ϯ 0.46 mM, n ϭ 258 of 495 imaged cells in 6 slices; p Ͻ 0.001; Fig. 9D ). In contrast, the mean cell volume and [Cl Ϫ ] i in the deepest morphologically preserved layer (150 -200 m) was not significantly different between all three group of slices (Fig. 9C,D) . Thus, blocking cation-chloride cotransport with the diuretic bumetanide reduced neuronal volume and trauma-induced neuronal chloride accumulation (Fig.  9C,D) . Reducing extracellular chloride in high-sucrose solution during hippocampal slice preparation did not prevent neuronal swelling but produced the most significant reduction in traumainduced neuronal chloride accumulation, confirming extracellular chloride as the source of increased neuronal [Cl Ϫ ] i.
Discussion
Trauma-induced neuronal chloride accumulation alters network activity
These results indicate that acute shear injury of neuronal processes is associated with increased neuronal [Cl Ϫ ] i that is evident at sites distant from the shear injury including the soma. Although many neurons with increased intracellular chloride exhibit morphological features of cell death, many others do not. Network-wide assays of GABA function clearly indicate that many neurons with excitatory responses to GABA are still synaptically functional, particularly in slices prepared from young animals. In the developing hippocampus, these neurons shift the net network-wide effect of GABA from inhibition to excitation after trauma (Figs. 4, 6) . Clinically, the profound post-traumatic change in the polarity of the GABA response may be a significant pathophysiological mechanism underlying acute post-traumatic seizures (Kahle et al., 2008) .
The persistent action potential activity in the most damaged areas of young but not older slices provides a mechanism by which excitatory actions of GABA in traumatized neurons can contribute to seizure activity in the developing brain. This may underlie the increased of seizure activity in the immediate posttraumatic period in children under age 2 (Gilles and Nelson, 1998; Liesemer et al., 2011) . The preserved capacity to generate action potentials after injury may also underlie the high incidence of seizures in the immature brain after hypoxic-ischemic injury (Sarnat and Sarnat, 1976; Wusthoff et al., 2011) , despite the fact that substantial post-hypoxic increases in [Cl Ϫ ] i are also observed in mature neurons (Pond et al., 2006) . These interesting correlations point to future studies testing whether the preserved action potential activity in damaged areas arises from damaged neurons and is accompanied by transmitter release. The mechanisms of preservation are likely to be interesting as well. Injuries induce death at different rates and by different mechanisms in developing vs mature neurons, and the preserved signaling in the damaged regions of the developing slices may reflect these differences (Bittigau et al., 1999; Lado et al., 2002) .
Diuretics had modest effects on [Cl Ϫ ] i accumulation and action potential responses to GABA, but more significant impact on network-wide synchronous activity, consistent with the nonlinear effects of modulation of neuronal excitability on the output of networks of neurons (Glykys and Mody, 2006; Grashow et al., 2010). Thus diuretics might be of utility in the prevention of early seizures, particularly electrographic seizure that do not respond to standard anticonvulsant prophylaxis (Claassen et al., 2004; Glykys et al., 2009) .
Are the excitatory effects of GABA in preparations of the developing nervous system a consequence of trauma artifact? Traumatic shifts in [Cl Ϫ ] i and E GABA may complicate slice studies of network effects of GABA in experimental preparations of the developing brain (Cherubini et al., 1991; Bonifazi et al., 2009; Glykys et al., 2009 ). It has frequently been noted that GABA has dual actions in the developing brain, with evidence for both inhibitory and excitatory effects (Khalilov et al., 1999; Valeeva et al., 2010) . Although carbohydrate vs ketone carbon sources have been proposed as an important determinant of E GABA (Rheims et al., 2009 ), a more parsimonious explanation is that the observed changes in E GABA are a consequence of HCO 3 Ϫ -Cl Ϫ exchange in response to the intracellular pH shifts induced by the experimental protocol (see discussion in Glykys et al., 2009; Tyzio et al., 2011) . The present data suggest that the duality of GABA effects is due in part to the bimodal distribution of [ (Fig. 4) . The increase in [Cl Ϫ ] i with depth may be result of a limited oxygen supply to the deeper neurons (Inglefield and Schwartz-Bloom, 1998; Galeffi et al., 2004; Pond et al., 2006) and is the major limitation on the use of intact preparations from animals older than P8.
Correlated bursts of polysynaptic glutamate and GABAmediated network-driven activity have been observed in the immature rat in vivo (Leinekugel et al., 2002; Katz and Shatz, 1996; Sipilä et al., 2006) and in the intact hippocampal preparation in vitro (Leinekugel et al., 1998) (Fig. 4 E) (Fig. 4C) . The increased prevalence of excitatory network activity in the slice vs intact preparation underlines the importance of excitatory GABAergic signaling in the genesis of these network events. This role of GABA is important both physiologically and pathologically (Kahle et al., 2008; Dzhala et al., 2010) . Physiological rates of neuronal Cl Ϫ uptake are important for synaptogenesis (Ge et al., 2006; Cancedda et al., 2007; Wang et al., 2008) . Pathologically, immature seizures commonly occur after neuronal injury (Wusthoff et al., 2011) , respond poorly to GABAergic anticonvulsants electro-graphically (Scher et al., 2003; Murray et al., 2008) , but do respond to inhibitors of neuronal Cl Ϫ uptake, either alone (Dzhala et al., 2005) or in combination with GABAergic anticonvulsants (Dzhala et al., 2008 (Dzhala et al., , 2010 Nardou et al., 2009 (Figs. 5, 6 ) are frequently targeted in patch-clamp studies. Thus it may be that traumatized neurons are disproportionately represented in electrophysiological studies reporting depolarizing GABA responses in adult neurons (Gulledge and Stuart, 2003) . However, the neurons in the most superficial 100 m of the slice did not contribute to the network-wide effect of exogenous GABA in the mature preparations, which remained inhibitory (Figs. 5F,G,  6F,G) . This may be a consequence of the lower ratio of neurons with elevated vs physiological [Cl Ϫ ] i in mature vs developing preparations. Alternatively it may reflect reduced efferent and afferent synaptic activity in injured mature neurons, and this could underlie the age dependence of early traumatic seizures (Liesemer et al., 2011) . We did not systematically investigate the increase in [Cl Ϫ ] i as a function of time after slice preparation; the data reported here were gathered 1-3 h after slicing. The number of neurons with elevated [Cl Ϫ ] i continued to increase for 24 h in cultured neurons subjected to trauma (van den Pol et al., 1996) , and it is commonly accepted that hyperexcitability and frankly epileptic activity are signs that slices have become "too old" and should be discarded. Thus late deteriorations in slice physiology may reflect changes in GABA A -R signaling triggered by progressive post-traumatic increases in [Cl Ϫ ] i .
Post-traumatic neuronal chloride transport and volume regulation
The mechanisms of neuronal swelling following trauma are not known. Acute changes in transporter expression have been demonstrated (Nabekura et al., 2002; Bonislawski et al., 2007; Papp et al., 2008; Hasbargen et al., 2010) , but other changes including damage to the axonal cytoskeletal elements and secondary changes in dendrites (Monnerie et al., 2010) have also been observed. Traumatic cytoskeletal injury and loss of cytoplasm may trigger volume-sensitive apoptotic mechanisms (Maeno et al., 2000) , so neurons must replace the lost volume or die. The only available replacement is extracellular fluid containing 110 mM chloride, so neurons may have no choice but to increase chloride as a consequence of importing isotonic extracellular fluid immediately following trauma. The increase in volume without increase in [Cl Ϫ ] i in low-chloride slicing solutions (Fig. 9C,D ) and the significant though modest effects of cation-chloride transport inhibition (Fig. 7) suggest that dysregulation of cation-chloride cotransport is only one part of a more complex post-traumatic volume dysregulation. Cation-chloride cotransporters NKCC1 and KCC2 differently contribute to the post-traumatic increase in neuronal [Cl Ϫ ] i (Fig. 7) . The larger role of NKCC1 vs KCC2 in chloride accumulation in the developing hippocampus is consistent with its higher level of expression in developing neurons (Plotkin et al., 1997; Dzhala et al., 2005) . Although NKCC1 typically mediates chloride accumulation and cytoplasmic volume increases, while KCC2 mediates chloride extrusion and volume decreases, both transporters can run in reverse (Thompson and Gähwiler, 1989; Brumback and Staley, 2008; Hoffmann et al., 2009) .
While techniques for preparing brain slices vary to some extent between laboratories, we propose that it is the number, diameter, and proximity to the soma of acutely transected dendrites and axons, rather than the technique with which they are transected, that determines the increase in neuronal [Cl Ϫ ] i . However, this does not exclude reductions in traumatic [Cl Ϫ ] i with new techniques (Fig. 9) . New techniques for reductions in traumatic [Cl Ϫ ] i in vitro could also form the basis for important new strategies to treat post-traumatic edema and seizures.
